Introduction
Novel metal, ceramic, carbon, and polymer porous foams are new classes of materials with unique mechanical, thermal, and electrical properties. New foam materials have enabled a wide range of applications. In automotive, porous foams have been used for lightweight bumpers, exhaust after-treatment filters, and sound-proof and vibration isolation layers. Porous foams are the diffusion media for anode and cathode in fuel cell stack and the heat exchanger and catalyst carrier in fuel processors. Other notable applications of porous foams include the bio-compatible scaffold for human implants, structural fluid storage device for aerospace applications, armor for military, and porous incubators, bioreactors, and enzyme carriers for pharmaceutical equipment. Fig. 1͑a͒ . The size of SiC foam used in this study is about 75ϫ 50ϫ 20 mm, as shown in Fig. 1͑b͒ . This foam, used as the filter for molten aluminum in casting, is open to fluid flow and has relatively weak mechanical strength. Closed-cell foams have solid faces and each cell is sealed off from neighboring cells. Structures made of closed-cell foams have high strength-to-weight ratio and are ideal for impact energy absorption ͓1͔. Measurements of both the opencell and closed-cell foams are investigated in this study.
As foam materials embark to new precision and high-volume applications that require the quality control and/or assembly and contact with other parts, the need for dimensional and geometrical form measurements is generated. The dimensional and geometrical form measurements can provide the basic understanding of the size and shape of a porous foam component and are necessary to establish the tolerance specifications.
In the past, the research for measurement of porous foams focused mainly on characterization of cell size and topography. Different methods, such as light transmission ͓2͔, optical microscopy ͓3͔, photography ͓4͔, scanning electron microscopy ͑SEM͒ ͓5͔, x-ray tomography ͓6͔, and magnetic resonance imaging ͑MRI͒ ͓7͔, have all been investigated. The survey shows that effective methods for the precision dimensional and geometrical form measurements of porous foams with complicated shape are not available. This study applies the stereovision, an optical measurement method, to acquire the data points on the porous foam surface and a mathematical procedure to identify planes representing the porous foam component.
The commonly used mechanical contact measurement methods for porous foam components are limited to simple shapes. Attempts to apply the coordinate measurement machine ͑CMM͒ with a contact-based probe to scan the full surface and determine high peak points have been tested but failed to yield accurate results. The optical-based full surface stereovision system is therefore adopted to measure the porous foams.
In this paper, the three-dimensional ͑3D͒ stereovision optical measurement method is introduced in Sec. 2. Detailed surface features on the porous foam surface, as measured using the stereovision system, are classified and analyzed in Sec. 3. An approach to identify a representative surface plane from the measured data points is discussed in Sec. 4. Two examples, one opencell foam and the other closed-cell foam, are presented in Sec. 5.
Three-Dimensional Optical Measurement of Porous Foams
A wide variety of 3D noncontact optical measurement systems have been developed and applied for industrial use. Compared to the traditional contact-based CMM measurement, optical measurement systems have the advantages of flexibility, rapid data acquisition, and full surface sampling capability. Based on their basic principles of data acquisition, the 3D optical measurement systems can be classified as: laser triangulation, pattern projection or structured lighting, stereovision, Moiré fringe, interferometry, focus detection, time-of-flight, echography, nuclear magnetic resonance, and tomography ͓8͔. The stereovision system is selected because it can create cloud of points representing microscale features, such as ligaments and thin wall surfaces of porous foams, as well as cover a relative large area by combining, or so-called stitching or registration, images. The stereovision measurement experiment setup and measurement data processing are presented in the following two sections.
Stereovision Measurement Experiment Setup.
The CogniTens Optigo 200 is the stereovision system used in the measurement experiment. This optical measurement system is based on the photogrammetry with tri-linear tensor 3D reconstruction ͓9͔. The image acquisition uses three two-dimensional images with 1.4 mega-pixels to generate a stereo representation of a portion of the porous foam surface. For each image acquisition, the time is in the sub-ms level and the field of view is 140ϫ 180 ϫ 60 mm. Several stereo images captured at different view angles are combined into one set of cloud of points ͓10,11͔. This feature is important to generate accurate cloud of points representation of the random porous foam surfaces. The pixel spacing in each stereo image is about 0.3 mm. By combining stereo images together, a combined cloud of points with significantly enhanced density, about 0.06 mm pixel spacing at the top of the porous foam surface, is obtained.
Targets were placed surrounding the porous foam during the stereo image capturing. In the study, the target is a 10 mm ϫ 10 mm black square with a 6 mm diameter shiny circle in the center. The software recognizes the location of targets and uses the information to register the stereo images together. In the measurement of the SiC foam shown in Fig. 1͑a͒ , more than 10 targets are used. Figure 2 shows the cloud of points representation of the SiC open-cell foam in Fig. 1͑a͒ . The combination of 52 stereo images taken at different view angles around the porous foam is used to create this digital representation of the porous foam surface.
The measurement accuracy and gauge repeatability and reproducibility ͑R&R͒ of stereovision system were evaluated as 30 and 48 m, respectively, by comparing with the CMM measurements of an automotive body part ͓12͔.
Measurement Data Processing.
A mathematical procedure is required to find a plane to represent the measured porous foam surface. In computational geometry, the convex hull, which is defined as the combination of three points constructing the smallest convex polyhedron enclosing all data points ͓13-16͔, is commonly used to represent the surface from measured cloud of points data. However, the convex hull is not suitable for porous foam. This study develops a computationally effective method to find the representative plane of a porous foam surface.
Surface Features of the Open-Cell Porous Foams
The SiC ceramic foam used in this study was produced using the open-cell polyurethane foam as the template ͓17͔. The ceramic slurry was coated onto the polyurethane foam and fired in a kiln. The polyurethane foam was burned out during the firing, leaving a triangular-shaped hollow hole inside each ligament. As shown in the close-up view of the foam in Fig. 3 , the open-cell foam structure consists of ligaments creating a network of inter-connected, dodecahedral-shaped cells. The cells are randomly oriented and mostly uniform in size and shape.
Two types of surface are generated. The original surface after firing is illustrated in Fig. 3͑a͒ . It is the close-up view of R 1 in Fig. 1͑a͒ . In Fig. 3͑a͒ , two features on the top surface of the foam surface can be identified. One is the single, stand-alone ligament, as denoted by "A" in Fig. 3͑a͒ . This is designated as the stem ligament. An example of the stem ligament with rounded tip is illustrated in Fig. 4͑a͒ . The corresponding stereovision measured points is illustrated alongside the photograph in Fig. 4͑a͒ . The peak point at the tip of ligament to determine a representative plane of the porous foam surface is indicated by an arrow. The stereovision system has demonstrated its capability to acquire detailed features of the mm-scale ligaments. The edge of the ligament of the dodecahedral-shaped cell can also be observed on the surface. This is called the edge ligament, indicated as the region R 3 in Fig. 3͑a͒ . The close-up view of the edge ligament in region R 3 and the stereovision measured data points representation are shown in Fig. 4͑b͒ . The peak point is also denoted by the arrow.
The other type of surface on the porous foam, as shown in Fig.  3͑b͒ , is the machined surface. Close-up view of region R 2 in Fig.  1͑a͒ is illustrated in Fig. 3͑b͒ . This region was cut by a diamond wire ͓18͔. A machined porous foam surface has different surface topography with the flat regions. As shown in R 4 in Fig. 3͑b͒ and its close-up view in Fig. 5͑a͒ , the diamond wire can cut through the ligament close to the radial direction. This type of cut will reveal the triangular-shaped cavity inside the ligament. As shown in region R 5 in Fig. 3͑b͒ , the diamond wire can also cut through the ligament along the axial direction. A large flat surface area is created, as shown in the close-up view of R 5 in Fig. 5͑b͒ . The stereovision measured data points in the close-up view of regions R 4 and R 5 are also illustrated in Fig. 5 . Due to the overlap of points from the background surfaces, a clean point representation of the flat surface is difficult. Figure 6 shows the distributions of depth of measured points below the representative top plane for surfaces F 1 and F 3 in Fig.  1͑b͒ . Two sample areas, 20 mmϫ 20 mm in surface F 1 and 10 mmϫ 10 mm in surface F 3 , are selected for analysis. The method to calculate the representative top plane is discussed later in Sec. 4. As shown in Fig. 6͑a͒ , for the original, as-fired surface F 1 in Figs. 1 and 3͑a͒, only 2% of measured points are 0.5 mm below its top plane. A large portion ͑24%͒ of the measured data Transactions of the ASME points is concentrated 1.5-2.0 mm below the top plane. This is smaller than the 5 mm average cell size of the porous foam. The penetration of stereovision measurement into surface F 1 is 4.5 mm, about one cell size. For the machined surface F 3 , as shown in Fig. 1͑b͒ , the majority ͑about 51%͒ of measured points has the depth shallower than 0.5 mm from the top plane. This can be explained by the relatively large machined flat areas, such as the surface shown in Fig. 3͑b͒ . On surface F 3 , the percentage of measured points drops rapidly as the depth increases. The penetration of measured points into F 3 is about 3 mm, smaller than the 4.5 mm in F 1 . The large machined surface close to the top plane reduces the viewing area to see inside the cell and decreases the penetration depth. For example, deep features of the cell can be observed more clearly in F 1 ͑Fig. 3͑a͒͒ but not in F 4 ͑Fig. 3͑b͒͒. The setup in experiment can also contribute to the variation in penetration depth. The part was positioned as in Fig. 1͑a͒ during the measurement. Surface F 1 , which is on the top, can be viewed from a wider range of direction than side surfaces F 2 , F 3 , and F 4 .
This example shows the complexity of the open-cell porous foam surface and the capabilities and limits of the stereovision measurement system. Examples of the closed-cell foam and its measurement are presented in Sec. 5.2. 
Computational Procedure to Identify the Top Plane on Porous Foam Surfaces
This section presents steps to extract the useful plane representation of the porous foam surface from measured data points. It is assumed that the measured data points have been filtered to eliminate outliers. Constructing a surface representation, such as the plane, cylinder, and sphere, is a necessary step for the dimensional and geometrical form measurements. In this study, as the first step in geometrical measurement of porous foam, only the plane feature is investigated. Based on planes representing surfaces F 1 , F 2 , and F 3 in Fig. 1͑b͒ , the angles and distances between planes can be obtained. Although plane is a simple geometry, the approach presented in this section can be expanded to other more complicated geometrical shapes, such as the spherical surface determined by four points not on the same plane.
Three points not in the same line determine a plane. The top plane representing the porous foam surface is defined as a set of the three points ͑not in the same line͒ among stereovision measured points that all other points are on one side of this plane. This plane is one of the facets of the convex hull representing the data points ͓13͔. Figure 7 is used as a simplified example. The isometric and top views of the points are shown in Figs. 7͑a͒ and 7͑b͒, respectively. A 1 A 2 A 3 is the top plane among this set of data points. Figure 7͑c͒ shows the side view of the plane A 1 A 2 A 3 , which appears as a line. All the other points are located on one side of the line. This indicates that A 1 A 2 A 3 is a top plane.
The top plane is not unique. For example, another top plane A 2 A 3 A 4 exists for the set of points in Fig. 7 . This study establishes a selection criterion using the triangular area of the three points on the top plane. Among all possible top planes, the one with the largest triangular area of the three points determining the top plane is designated as the plane representing the porous foam surface. A larger triangular area of the three points is theoretically more stable and easier to engage in contact with a rigid, perfectly flat surface. For example, in Fig. 7 , the triangular area of A 1 A 2 A 3 is larger than A 2 A 3 A 4 . Therefore, A 1 A 2 A 3 is selected as the plane to represent the measured data points. Other criteria besides using the triangular area are possible but require more research.
A large number of points are required to accurately represent the random, intricate porous foam surfaces. As shown in Figs. 4 and 5, the ligaments and machined surface features are in the 1 to 2 mm size range and require dense collections of points to represent these fine features. The 75 mmϫ 50 mm surface F 1 in Figs. 1͑a͒ and 2 has approximately 185,000 points. To find the top plane of F 1 , a direct method, which finds all possible combinations of any three points and checks if it is a top plane, can be used. After identifying all top planes, the triangular areas of the three points representing the top planes are compared to find the plane representing surface F 1 . This direct method is computationally intensive. For example, there are 1.05ϫ 10 15 potential top planes to be evaluated for the 185,000 points on surface F 1 . For each potential top plane, it is necessary to check if all points are on the same side of the plane. A more computationally efficient approach called the grid method is developed in this study.
The grid method divides points representing the porous foam surface into small, equally spaced grid regions. A simplified example is illustrated in Fig. 7 . Measured points are represented by spheres of three different sizes. The grid peak is defined as the Transactions of the ASME peak point which has higher value in the Z direction than all the other points in the same grid region. The Z axis is defined as pointed in the direction toward outside of the porous foam surface. Examples of the grid peaks are represented by the mediumsize sphere in Fig. 7͑b͒ . Every grid peak is compared to the grid peaks in adjacent grids. The local peak is defined as the grid peak which is higher or with larger Z value than all adjacent grid peaks. The example in Fig. 7 The grid method can substantially reduce the number of points to search for the top plane. To implement this concept in practical computation, more refined procedures are required. The procedures of the grid method are shown in the flowchart in Fig. 8 and discussed as follows.
Step 1: Prepare the data points: The grid regions are created on an XY plane, as shown in Fig. 7 . The XY plane needs to be approximately parallel to the porous foam surface plane. The original data points provided by stereovision measurement system are based on an arbitrary XЈYЈZЈ coordinate system. This set of data points needs to be transformed to a new XYZ coordinate system with the Z axis in the direction toward the outside of the porous foam surface. The Z value of each point is used as the height to identify the local and grid peaks. As a start, three points are manually picked as the initial guess of the top plane.
Step 2: Define the Coordinate System and Transform the Points: This is the start of iteration to evaluate if this set of selected three points is the top plane with the largest triangular area. The three selected points define a plane and the initial Z direction. All points with the Z value greater than −D are picked and a least-squaresplane, which is the new XY plane, is fit to the selected points. D is a threshold value to determine a layer of surface data points to determine the new XY plane. A new Z direction is normal to the XY plane. All points are transformed to the new XYZ coordinate system.
Step 3: Create the Grid Pattern: Among all points, find the lowest X and Y values. For example, as shown in Fig. 7͑b͒, point  A 1 has the lowest X value and point A 5 has the lowest Y value. Starting at a virtual point with the combination of the lowest X and Y values, represented by A 6 in Fig. 7͑b͒ , a set of grid can be created. In this study, the grid size G is the same in the X and Y directions.
Step 4: Find the Grid and Local Peaks: In each grid, a grid peak is identified. By comparing heights of grid peaks in adjacent grids, local peaks are recognized.
Step 5: Find the Top Plane with the Largest Triangular Area: For all possible combinations of any three local peaks, find the top planes. Among all top planes, find the top plane with the largest triangular area of the three local peaks.
Step 6: Check the Grid Size: If no top plane can be found, reduce the grid size G and return to Step 3. If at least one top plane can be found, go to Step 7.
Step 7: Compare with the Three Local Peaks from the Previous Iteration. If this is the first iteration, use the three local peaks as the new initial points and return to Step 2. If the three local peaks match the results in the previous iteration, it indicates that the top plane representing the porous foam surface has been found. If the three local peaks do not match results obtained in the previous iteration, check if the number of iteration exceeds the limit. If it does, reduce the grid size G, reset the iteration number, and return to Step 2. Otherwise, return the three local peaks as the new initial points to Step 2.
This procedure is programmed in MatLab and applied to process the data points of porous foams measured using the stereovision system.
Examples of Measurement
The SiC open-cell foam shown in Fig. 1 and an aluminum closed-cell foam are used as examples to demonstrate the grid method to identify surface planes, angle between planes, and distance between planes on porous foams. To verify the result and to demonstrate the savings in computational time, the direct method, which searches all possible combinations of three points among all the data points, is applied to find the representative plane for F 1 . The same results as the grid method are obtained. This validates the grid method. The computational time is 50 h for the direct method versus 15 min for the grid method on a PC workstation running MatLab.
Open-Cell
The three local peaks of the top plane representing surface F 1 are marked as points P 11 , P 12 , and P 13 , as shown in Fig. 9 . Close-up views of three regions around P 11 , P 12 , and P 13 , including both the microscopic pictures and corresponding cloud of points measurements, are shown in Fig. 10 . Figure 10͑a͒ shows the local peak P 11 , which is marked by an arrow, and the cell structure around P 11 . The cell size is about 5 mm and the ligament size is about 1 mm. Ligaments surrounding the cells can be recognized in both the photograph and points representation. The closely matched shape of cells and ligaments demonstrates that the stereovision measured points provide a good representation of the porous foam surface. The detailed view of the ligament with point P 11 is presented in Fig. 4͑b͒ . The point P 11 , marked by an arrow in Fig. 4͑b͒ , is viewed from the side to demonstrate that it is indeed a high point on the porous foam surface.
The second local peak P 12 and its surrounding region are shown in Fig. 10͑b͒ . The match of cell shape can be recognized by closely examining the photograph picture and points representation of ligaments at different depth levels. The capability of stereovision system to capture features under the top plane is apparent. Detailed view of P 12 has been shown in Fig. 4͑a͒ . This view of P 12 from the side confirms that it is the peak of a standing stem ligament, as discussed in Sec. 3.
The third local peak P 13 and its surrounding region are shown in Fig. 10͑c͒ . Like P 12 , P 13 is also a peak on a standing stem ligament. As shown in Fig. 9 , P 13 is close to the boundary of the porous foam. This can be recognized on both the photo and point representation of ligaments around P 13 .
A test is conducted to evaluate the effect of grid size G. As G increased from 0.3 to 0.6 mm, the same three local peaks ͑P 11 , P 12 , and P 13 ͒ representing the top plane for F 1 are obtained. A larger G shortens the computational time. However, when G is too large, in this case when it reaches 0.7 mm, no top plane can be found. This demonstrates the need to balance the computation efficiency and accuracy in the grid method. Fig. 9 : "a… P 11 , "b… P 12 , and "c… P 13 Fig. 11 Top view of surface F 2 in the open-cell SiC foam and local peaks P 21 , P 22 , and P 23 : "a… photograph and "b… measured points the measured cloud of points in Fig. 11͑b͒ . About 24,000 measured points are used to represent F 2 . A white band can be recognized on the top of surface F 2 . This is a concentration of points of surface F 1 . As discussed in Sec. 3 and Fig. 6 , the stereovision measurement system has a deeper penetration on surface F 1 .
Surface
Using D = 0.5 mm, G = 0.3 mm, and three arbitrary selected starting points on the surface, 15,164 grids, 262 local peaks, and 24 top planes are obtained in the first iteration. The three local peaks that form the top plane with the largest triangular area are used as the initial guess for the second iteration. The same three local peaks, marked as P 21 , P 22 , and P 23 in Fig. 11 , are obtained in both iterations.
A test was conducted to evaluate the selection of three initial points in Step 1. These three points can be close to and far away from each other. If the three initial points are close to each other, the iterations to search for local peaks may be constrained within a small region. In this case, a locally representative top plane is found. The three initial points should be selected as far away at opposite ends of the surface as possible.
The three local peaks representing surface F 2 are marked as points P 21 , P 22 , and P 23 and denoted by the arrows in Figs. 11 and 12. Close-up views of the regions around P 21 , P 22 , and P 23 , including both the microscopic pictures and the corresponding collection of measured points, are shown in Fig. 12 . On the machined surface, a majority of the measured points are concentrated near the top plane, as shown in Fig. 6͑b͒ . In Figs. 11͑b͒ and 12, concentrated bands of points mimic the area of machined surface in corresponding photo pictures of the foam. Figure 12͑a͒ shows the location of point P 21 , represented by the arrow symbol. P 21 is located on the flat machined surface. Such machined surface areas in the picture can be traced by the band of dense points in the point representation. Compared to Fig. 10 ͑surface F 1 ͒, the density of points for the machined surface F 2 is lower. Most of the ligaments under the machined surface cannot be recognized in the cloud of points representation. The limited view direction for side faces, as described in Sec. 3, is the likely cause for poor resolution and depth of penetration.
The local peaks P 22 and P 23 for surface F 2 are shown by the arrow in Figs. 12͑b͒ and 12͑c͒ , respectively. Both peaks P 22 and P 23 are also located on the flat, machined surface.
Plane Angles and Distances.
Based on the top planes representing porous foam surfaces, the angles and distances between planes can be calculated and used to specify the geometrical and dimensional tolerances of a porous foam component. The angle between two planes and the distance between two parallel planes are investigated in this study.
Each surface of the SiC foam sample in Fig. 1 can be represented by a plane. The angle between two planes is used to represent the orientation between two porous foam surfaces. For example, the perpendicularity between surfaces F 1 and F 2 of the SiC open-cell foam shown in Fig. 1͑b͒ is evaluated by the angle between the representative top planes of F 1 and F 2 . Based on the data in Secs. 5.1.1 and 5.1.2, the angle between F 1 and F 2 is 89.8°.
The plane distance is defined between two parallel planes. First, a porous foam surface, such as F 2 in Fig. 1 , is identified as the datum plane. On the other surface, such as F 3 in Fig. 1 , the distance of all points to the datum plane is calculated. The farthest distance is marked as the distance between two planes. Physically, the datum plane is like a porous foam surface contacting a perfectly flat and rigid surface of a gage block. By moving another perfectly flat surface parallel to the datum surface, it will contact the porous foam surface on the point with farthest distance to the datum surface. This distance is defined as the plane distance. By applying this procedure to the SiC foam in Fig. 1 , the plane distance between surface F 2 ͑datum͒ and F 3 is 49.2 mm.
Closed-Cell
Foam. An aluminum closed-cell porous foam, as shown in Fig. 13͑a͒ , is studied. This foam was produced by the melt gas injection method ͓17͔. The 264,000 stereovision measured points representing the porous foam is shown in Fig.  13͑b͒ . The 102 mmϫ 49 mm surface F 5 is investigated to find the representative plane.
The top view of closed-cell foam is shown in Fig. 14 . Distinct different features can be observed on the surface. Around points P 31 and P 33 are large flat surface areas created by machining the section of aluminum foam. Cavities, such as the one marked by C, can be recognized. Some cavities can be measured by the stereovision system. A unique feature of the closed-cell foam is the edge of thin-wall cell surface. The cell wall after machining is a curved line, as marked by W, on the surface. The cell size of this closedcell foam is not consistent, ranging from 4 to 12 mm, across the surface F 5 in Fig. 13͑a͒ .
The procedures described in Sec. 4 with D = 0.5 mm, G = 0.3 mm is used to analyze measured data points of surface F 5 . In the first iteration, the analysis generates 27,000 grids and 194 local peaks in Step 4 and 12 top planes in Step 5. The second iteration reaches the same three local peaks as in the first iteration. This concludes the search for the top planes with the largest triangular area.
The three local peaks of surface F 5 are denoted as P 31 , P 32 , and P 33 and shown in Fig. 14. A close-up view of the regions near these three points and the data points representing these regions are illustrated in Fig. 15 .
The local peak P 31 is located on a machined flat surface, as shown in Fig. 15͑a͒ . The stereovision system successfully captures the flat surface. Part of the cavity, marked as C in Fig. 15͑a͒ , was also recorded by the measurement system.
Local peaks P 32 and P 33 , as shown in Figs. 15͑b͒ and 15͑c͒ , respectively, are also located on machined flat surfaces. The thin cell wall may be deformed, deflected, or buckled during the machining and subsequent material handling process and does not extend out as high points to represent the plane surface for closedcell foam. This study utilized the stereovision measurement system for rapid, noncontact measurements of the SiC open-cell and aluminum closed-cell foams. Detailed surface features, such as the stem and edge ligaments, machined surface flats, and thin-wall edges, can be captured by this optical measurement system. A computationally efficient grid method was developed to identify the grid and local peaks and to search for representative top planes of a porous foam surface. A criterion based on the triangular area of the three local peaks was proposed for the selection of the top plane. Effects of grid size and initial guess points selection were studied. The depth distributions of measured points below the representative top planes were analyzed. Based on the geometrical relationships between representative surface planes, the angle and distance between porous foam surfaces were calculated. This is an exploratory study of the dimensional and geometrical form measurement of porous foams. Many research investigations can follow. For example, the current stereovision measurement technology has demonstrated to perform well for the porous foam with relatively large pore size of 2 mm or bigger. For finer pore size, other optical measurement systems need to be investigated. Other research needs to further advance the knowledge and applications of porous foam materials include: ͑1͒ the geometrical dimensioning and tolerancing of porous foams, ͑2͒ methods to identify more complicated shape, such as cylinder and sphere, from measured data points, and ͑3͒ contact stress analysis based on the measurement data. 15 Close-up view "photos and data points… of the three local peak points of the closed-cell aluminum foam surface: "a… P 31 , "b… P 32 , and "c… P 33
